This study proposes a response-based parameter for strong motion duration which is computed for structures and is the total time they are nonlinear during an earthquake. Correlation between structural response and duration for structures, subjected to a set of spectrum matched 
Introduction
Duration along with amplitude and frequency content are three main characteristics of ground motions that must be identified to characterize an earthquake ground motion. Frequency content and amplitude are reflected in the acceleration spectrum and are presently considered in * Corresponding: Mohammadreza Mashayekhi, Research Associate, Sharif University of Technology, Tehran, Iran. Email: mmashayekhi67@gmail.com the record selection procedure of current building codes (e.g. ASCE/SEI 41-17 (2017) and FEMA-356 (2000) ). There is no doubt in regard to the influence of amplitude and frequency content in structural responses while the impact of motion duration on structural responses is still a matter of debate. Earthquake duration length can play an important role in the structural responses. Several investigators have addressed the influence of motion duration on the seismic response of different structures. These studies revealed that seismic responses of the structures under earthquake loadings with deteriorative behaviors, including RC frames (Belejo et al. 2017; Hancock and Bommer 2007) , concrete dams (Wang et al. 2015; Bin Xua et al. 2018 ) and masonry buildings (Bommer et al. 2004) , are directly influenced by duration of ground motions.
It implies that structures with deteriorating behaviors are much more susceptible to motion duration Estekanchi (2012, 2013) ). In this case, accumulated damage indices which are partially or completely based on the hysteretic cyclic energy of the earthquakes, such as Pak-Ang damage index (Park and Ang 1985) , are shown to have higher positive correlations with the motion durations. However, the extreme damage indices such as peak floor drifts or peak plastic rotations of the elements are demonstrated to be almost uncorrelated to the motion duration (Hancock and Bommer 2007; Mashayekhi et al. 2019) . It is of the essence to mention that the same results likewise apply for the steel (Bravo-Haro and Elghazouli 2018) and wood frame (Pan et al. 2018 ) structures. Guo et al. (2018) also demonstrated that duration of near-fault pulse-like ground motions has also a significant positive correlation with the earthquake-induced structural demands of such motions.
Given the fact that motion duration can have a substantial influence on the structural responses, definitions of earthquake duration obviously need to be well quantified to show the possible existing relationship between motion duration and the potential destructiveness power of the earthquakes. Hence, in order to characterize this intensity measure of the earthquake, researchers are working on the topic of motion duration definition since 1962 through a pioneer study by Rosenblueth and Bustamante (1962) . All the present definitions of strong ground motion duration can be divided into two distinct groups, including the record-based and response-based definitions of motion duration (Bommer and Marytínezpereira 1999) .
The record-based definitions are principally based on characteristics of ground motion records. There are numerous definitions for motion duration in the literature, but some of them are more commonly accepted and used by the earthquake engineering community. These definitions are of the bracketed-, uniform-and significant-type metrics for motion duration. The bracketed duration of motion delivers the total time left between the first and last acceleration excursions which are greater than a specific predefined threshold. This threshold can be of an absolute (0.05g or 0.1g) or a relative kind and is selected in a way that it is believed it can cause damages to the structure of interest. The definition pertinent to the uniform duration is all related to the sum of the elapsed time intervals considering the same aforementioned threshold level set on the acceleration time series of motions. But the definition related to significant duration is somehow different from the bracketed and uniform duration, which makes use of a well-known integration-based accumulative intensity measure, the so-called Arias Intensity (AI). Significant duration is denoted by hereafter, which is defined as the time interval during which the normalized AI moves from a minimum (x%) to a maximum (y%) threshold. And so, the means the time interval as buildup accumulation energy of the earthquake goes up from 5 to 95 percent (Trifunac and Brady 1975) . Moreover, new duration definitions are also proposed in order to marginally improve the correlation of motion duration with structural damage, which can be developed from the existing record-based metrics that are combined (Taflampas et al.
2009
) or modified (Bommer and Martinez-Periera 1999; Rupakhety and Sigbjörnsson 2014) to make new definitions for motion duration.
On the other hand, and contrary to the record-based definitions, the response-based metrics for motion duration are expected to be more pertinent to the seismic responses of the structures.
These duration-related intensity measures are normally based on the definitions whose parameters are extracted from seismic characteristics or SDOF models that are reasonably representative of the structures being evaluated. Rosenblueth and Bustamante (1962) were the first researchers who proposed a rather complicated-and not easily usable-response-based definition. It was the duration of an equivalent motion with uniform intensity per time, which was primary defined to study the influence of structural damping on the spectral ordinates of ground motions. This uniform motion is required to generate a given ratio between the maximum spectral displacements of two linear SDOF systems with the same predefined period of vibration, one SDOF without damping and the other one with a specific damping ratio.
Response-based definitions for motion duration are occasionally in line with those general concepts described for the record-based definitions-the bracketed, uniform and significant duration concept. For instance, Perez (1980) proposes a structural response definition which is somehow of the uniform-type concept. This motion duration is the whole time during which the velocity response in the time history of an elastic SDOF is above a specified threshold. However, it is worthwhile to mention that the duration definitions offered by Perez (1980) as well as Rosenblueth and Bustamante (1962) are totally defined on an elastic or linear SDOF system and are not directly related to ground motion acceleration which is shown to have good correlations with earthquake damages.
The concept of uniform-type motion duration also inspired Xie and Zhange (1988) This study proposes a new parameter for the duration of ground motions, which is based on the nonlinear response of structures. In order to evaluate the efficiency of the proposed definition, the correlation of the induced damages to the selected structures, which are exposed to spectrally matched ground motions, with the duration of earthquakes is investigated. It is assumed that spectral matching procedure removes the variability associated with amplitude and frequency content of ground motions. Four concrete structures are considered in this study.
Correlation of structural damages with the proposed duration definition is computed and compared with the existing duration definitions-the bracketed, uniform, significant and two other relevant response-based duration definitions.
Proposed definition
The definition presented here is based on nonlinear response of an equivalent single degree of freedom structure which is subjected to a ground motion of interest. In contrast to many in-use definitions, the proposed duration parameter is calculated for a particular structure. The duration definition measures the total time that the equivalent SDOF structure, as shown in Figure 1 , is nonlinear during the excitation. In this figure, is the equivalent linear stiffness of the structure which is calculated based on the natural period of the structure being investigated, the total mass (m) of the structural system and  which is the selected damping ratio. The equivalent strength level of the SDOF system ( ) is 60 percent of the strength level computed for the whole structural system, also known as in the literature. The is and can be routinely derived by a pushover analysis. The equivalent strength level corresponds with the formation of the first plastic hinge of the structure (ASCE/SEI 41-17 (2017); FEMA-356 (2000)), but the strength level obtained through a pushover procedure is related to the yielding of the whole structure. By considering instead of , all time instants of the motion-which have the potential to cause at least one plastic hinge-are counted for the proposed strong motion duration. The proposed duration is defined by Equation (1):
where where is the tangential stiffness of the equivalent SDOF system and is the total duration of the ground motion. The Newmark-beta method (Newmark 1959 ) is employed for the dynamic analysis.
In the view of Equation (1), depends on characteristics of the equivalent SDOF system; SDOF systems possess two main attributes: natural period and strength level, which are denoted by T and , respectively. To model equivalent SDOFs, different parameters and natural periods of the candidate MDOF systems are taken to be applied as indicated in Table 2 (section 4.1), where is the total seismic weight of the MDOF structural models and tands for their strength levels. The schematic illustration of the equivalent SDOF system is shown in Figure 1 .
Figure 1. Schematic illustration of the equivalent SDOF system
As mentioned before, a static pushover procedure can be used to obtain for each structural system of interest, including steel, concrete and wood building type systems. Also, based on the expected displacement ductilities, the strength level of structures can be approximately found using R-µ-T functions (e.g. Miranda and Bertero (1994) ; Nassar and Krawinkler (1991) ) as suggested by Aschheim and Black (2000) . Since strength levels of the structures can be appropriately estimated at different structural periods, a rather new concept named duration spectrum can be defined for motion duration. Duration spectrum is a plot of motion duration against the natural period of the structural system being considered. The duration spectra are plotted for structures with different periods of vibration but for the same ductility ratio. Using an R-µ-T relationship offered by Miranda and Bertero (1994) , a duration spectrum sample for a ground motion related to the Loma-Prieta earthquake of 1989 is computed and presented in Figure 2 . As can be seen from this figure, strong motion duration or spectral duration of a specific earthquake gets increased in general when built infrastructures are expected to experience more nonlinearity, i.e., structural systems with ductility ratio equal to 4 or even more. As can be seen in Figure 3 , dispersion of acceleration spectra of these ground motions is very noticeable which can also cause a considerable dispersion in the structural responses. This variability can be attributed to amplitude and frequency content of the ground motions. As far as the effect of motion duration is concerned, this source of variability should be minimized. In order to reduce this type of variability, acceleration spectra of the ground motions are matched with a target spectrum.
Spectral matching procedure
To remove and diminish the influence of spectral amplitudes of ground motions from the characteristics of the selected motions, earthquakes are matched to a target response spectrum.
Hence, all of these matched motions only differ in terms of their duration as well as the nonstationary characteristics they inherited from original earthquake records. Spectral matching procedure modifies the original acceleration time history of an earthquake to match it to the entire range of target spectrum with minimal alteration to the velocity and displacement histories of the record. Time-domain spectral matching procedure proposed by Hancock et al. (2006) is adopted in this study. The main assumption of this method is that the peak response does not change due to wavelet adjustment. Given N target spectral points to match, the spectral misfit is defined by the difference between the target spectral value ( i Q ) and the initial time series spectral value ( i R ):
where i P is the polarity of the peak response of the oscillator. Hancock et al. (2006) shows that the response of an adjustment time series should be equal to
where   j ft is a set of adjustment functions and j b is the set of amplitudes of the adjustment functions. The modified amplitude of the responses to the wavelet is determined not only by the misfit at each spectral point, but also by considering computed misfits at the neighboring spectral points:
Each component of a square matrix C is the amplitude of the wavelet response for the j-th spectral point at the peak oscillator time ( i t ) of the initial time series response for i-th spectral point.
In this study, the target spectrum is the median of the spectra of the selected ground motions.
The comparison of acceleration spectra of the original and matched time histories together with the associated target spectra, acceleration and displacement target spectra extracted from the original time series, are also presented in Figure 4 and Figure 5 , respectively. 
Structural models
The equivalent SDOF systems used for the proposed duration definition are created and modeled based on the bilinear pushover curves of several 2-D building type frames. These RC structures are adopted from Korkmaz and Aktaş (2006) and their general characteristics including stories numbers, bay width, height length, and total height of the structures are provided in Table 1 . Figure 6 represents the general configuration of these selected structures. Table 2 Characteristics of bilinear pushover curves required to create the equivalent SDOF models .
Damage indices
Damage induced in a structure, in general, is represented as a combination of its maximum response and its absorbed hysteretic energy. Based on different combinations of maximum response and hysteretic energy, several damage index definitions are available in the literature (Kappos 2005) . As one of the most well-known definition, the Park-Ang damage index (Park and Ang 1985) brought in Equation (5) is employed in this study.
where is the maximum rotation recorded during the time history analysis; is the ultimate rotation capacity of the section, which is computed based on the recommendation offered by FEMA P695 (2009); is the recoverable rotation of the section when unloading occurs, and it is calculated based on an equation derived by Fardis and Panagiotakos (2002) ; is the yield moment that is according to the equations derived using section analysis as described by Biskinis and Fardis (2009) ∫ is equal to Eh m that is the cumulative energy absorbed within the member section; and the factor-which is set to 0.05 as recommended by Park et al. (1987) for the members of an RC frame-is an empirical parameter altering the balance between the extreme displacement response and the energy term of the section, ∫ .
The Park-Ang damage index may be expressed locally, for an individual element, or globally, either for a single story or for the whole structure. In the former one, the maximum Reinhorn et al. (2009) , which use weighting factors depending on the hysteretic energy dissipated at the component and story levels, respectively.
As mentioned before, several engineering demand parameters-or earthquake damage measures-are considered for the correlation computations. These measures include the total Park-Ang damage index, the member and total hysteretic energy of the structure, Park-Ang damage index of beams and columns located at the first story level (or ground floor). Also, the Park-Ang damage measure for the first story level of considered structural models is incorporated as a demand measure in this study.
Numerical Results
In this section, numerical results at design-based hazard level (or at DBE level) are presented.
For each structure, the spectrum-matched ground motions are linearly scaled so that their acceleration spectra at the structure's first mode period become equal to the DBE acceleration spectrum. A 2/3 of the acceleration spectrum proposed by ASCE07 (2010) for Los Angeles is taken as DBE acceleration spectrum. The DBE hazard level has the exceedance probability of 10% in 50 years.
As illustrated in Figure 8 , the proposed duration measure against the total damage index and total hysteretic energy are considered here for the analysis at the DBE level in the model 1012. It can be seen that the total damage measures, based on the Park-Ang index and energy hysteresis of the whole system, have a high correlation with the duration definition proposed in this study.
As employed by other researchers (Guo et al. 2018; Han et al. 2017; Hancock and Bommer 2007) , the Pearson linear correlation coefficient is utilized hereafter as an indicator to check the efficiency of the proposed duration measure. Since the influence of amplitude-based characteristics of the original ground motions is adequately excluded in the adjusted seismic inputs, the value of linear correlation coefficient found between earthquake duration and the applied damage measures may not be far from the exact value supposed to exist for such quantity. Table 3 provides correlation coefficient values of duration and response parameter for model 1012 by using the proposed metric and three existing record-based definitions, the bracketed, uniform and significant duration metrics. Both relative (5-95% and 5-75% significant duration) and absolute (0.05g or 0.1g thresholds for both uniform and bracketed types) definitions are used for the comparison purposes in this regard. It is of the essence to note that the aforementioned record-based definitions are commonly accepted within the earthquake engineering community and are frequently used as metrics to measure this characteristic of the ground motions. Results
Record-based definitions
show that the proposed definition may have up to 10% more correlation than the existing definitions for a 12-story RC frame. The same procedure is performed for the other three structures. Results obtained from these structures also indicate the efficiency of the proposed definition, showing greater correlation coefficients between motion duration and the damages witnessed. To further clarify on this matter, the outcomes calculated for a 5-story structure (the model 1005), is presented in Table 4 as well. In order to reach a conclusive result, average correlation coefficients for each response parameter are calculated using the outputs of all considered structures (models). In this case, all individual employed duration-related metrics, the response-based definitions plus the proposed parameter, are incorporated to configure a ranking trend. If we exclude the proposed definition, the uniform duration with a threshold of 0.05g
demonstrates the best correlation with measured damages, the Park-Ang and hysteretic energy indices. In other words, the 0.05g uniform duration definition always ranks second in all cases investigated. This result is consistent with the findings reported before (Guo et al. 2018; Hancock and Bommer 2007) . However, Figures 9 and 10 illustrates that the third place in this obtained ranking trend is interchangeably occupied by the other definitions.
Response-based definitions
Two response-based definitions for motion duration, namely the ones recommended by Xie and Zhange (1988) as well as Zahrah and Hall (1984) , are also considered in this study for the comparison purposes. Xie and Zhange (1988) put forward a duration definition-also called engineering duration-in which thresholds of a uniform duration (e.g. 0.05g or 0.1g) is substituted by an engineered or structural-related formula, . With this formula, a new threshold can be found for a specific structure using its total mass ( ), yield strength level ( ) and . The term is the ordinate of a selected earthquake response spectrum calculated for a desired damping ratio at the natural period (T) of the structure being studied. Besides, Zahrah and Hall (1984) used a function between cumulative hysteretic energy against the time (t) of a motion to recommend a response-based duration definition. This definition is also known as an effective duration and is the length of time ( ) within which a 5% up to a 75% of the earthquake energy in a structure is inelastically imparted.
The correlations of the structural response parameters, the damage metrics used in this paper, and two response-based definitions employed here have been investigated using the case study RC buildings modeled in this research. Results demonstrate that the proposed definition gives improved correlation values compared to the ones obtained from the other response-based definitions, namely the effective and engineering duration of strong motions. In this case, the outcomes for models 1003 and 1008, respectively, are presented in Table 5 and Table 6 , explaining more details pertinent to the efficiency of the proposed definition for earthquake duration. 
Conclusion
This study introduces a new definition for ground motion definition which is based on nonlinear response of structures. In contrast to more commonly accepted existing duration definitions, the proposed definition is calculated for a particular structure. The correlation coefficient of structural damage with motion duration is employed to explore the efficiency of the proposed definition. In this case, damages occurred in several reinforced concrete structures, subjected to spectrum matched ground motions, are considered for the correlation computation.
Matching the spectrum of ground motions implies that the variability of structural responses is mainly attributed to the duration characteristics of ground motions. This investigation is conducted for four concrete frame structures, where cumulative damages are considered as response parameters. Results are as following:
 Compared to the other existing definitions employed in this study, the proposed definition brings a 10 up to 15 percent improvement in the correlation between motion duration and the applied damage measures. It is worth to mention that highest correlation between motion duration and the structural damages is witnessed in all considered structures.
 With the proposed duration definition, at least an 80% correlation coefficient between motion duration and the Park-Ang damage indices is observed-either for a local or a global scale. This emphasizes the high correlation between earthquake duration and damages imposed on the structures during strong shaking.
 The proposed definition produces more than 90% correlation coefficients between motion duration and the hysteretic energy of the earthquakes. This illustrates that hysteretic cyclic characteristics of the structural members may get severely affected by long-duration earthquakes.
 Among the record-based definitions of motion duration, the 0.05g uniform duration ranks second (if the proposed definition is excluded) almost for all damage measures applied in this study-Park-Ang and energy-related indices. This indicates that the definitions that have a meaningful relationship with the structural damage are more successful in predicting the influence of duration length on the response of the built infrastructures.
